Understanding patterns of gyrification in neurogenetic disorders helps to uncover the neurodevelopmental etiology underlying behavioral phenotypes. This is particularly true in Williams syndrome (WS), a condition caused by de novo deletion of approximately 1 to 2 Mb in the 7q11.23 region. Individuals with WS characteristically possess an unusual dissociation between deficits in visual-spatial ability and relative preservations in language, music, and social drive. A preliminary postmortem study reported anomalous gyri and sulci in individuals with WS. The present study examined gyrification patterns in 17 participants with WS (10 females, 7 males; mean age 28 years 11 months, SD 8 years 6 months) and 17 age-and sex-matched typically developing control participants (mean age 29 years 1 month, SD 8 years 1 month) using new automated techniques in MRI. Significantly increased cortical gyrification was found globally with abnormalities being more marked in the right parietal (p=0.0227), right occipital (p=0.0249), and left frontal (p=0.0086) regions. These results suggest that one or more genes in the 7q11.23 region are involved during the critical period when cortical folding occurs, and may be related to the hypothesized dorsal/ventral dissociation in this condition.
Advances in neurogenetics are steadily increasing existing knowledge on the genetic origins of behavior and cognition. In Williams syndrome (WS), both the genetic cause and the cognitive profile are well characterized. The genetic hallmark of WS is a deletion of approximately 20 contiguous genes on the long arm of chromosome 7 (Korenberg et al. 2000) . The deletion is associated with physical characteristics including specific facial features, cardiovascular malformations, failure to thrive in infancy, and neonatal hypercalcemia (Morris et al. 1988 , Trauner et al. 1989 ). The cognitive profile of WS includes relative strengths in verbal expression, face processing, and musical abilities, with weaknesses in spatial cognition and visualmotor abilities (Bellugi et al. 1999 .
Previous neuroimaging studies on WS have revealed a decrease in overall brain volume with relative preservation of cerebellar volume, as well as asymmetric distribution of occipital lobe tissue volume . Postmortem observations have shown polymicrogyri and other gyral abnormalities in a small sample of participants with WS, particularly on the dorsal cortical surface (Galaburda and Bellugi 2000) . The purpose of our laboratories' research on this disorder is to further the study of neuroanatomy and brain function in WS with the specific goal of strengthening links between genetic/molecular influences and cognitive characteristics.
The aim of this study was to use in vivo brain images collected with MRI to replicate and quantify the postmortem findings of abnormal gyrification as described in Galaburda and Bellugi (2000) . To quantify gyral complexity, our laboratories employed the gyrification index (GI), a commonly used ratio of the inner contours of the brain to its outer contours (Zilles et al. 1988) . Most early studies of GI examined either postmortem brains (Vogeley et al. 2000) , a limited number of brain sections (Kulynych et al. 1997 ), or they parcellated the brain by hemisphere only (Bartley et al. 1997 ). The present study measured gyrification patterns by cerebral lobe using high-resolution MRI and advanced image processing methodologies.
Method

PARTICIPANTS
Seventeen participants diagnosed with WS (10 females, 7 males; mean age 28 years 11 months, SD 8 years 6 months, range 19 to 44 years) and 17 healthy, typically developing control participants (mean age 29 years 1 month, SD 8 years 1 month, range 19 to 48 years), individually matched for age and sex, were recruited by the Laboratory for Cognitive Neuroscience at the Salk Institute, CA, USA. The diagnosis of WS was confirmed genetically by fluorescent in situ hybridization (FISH) probes for elastin, a gene consistently found in the critical deletion region associated with WS (Korenberg et al. 2000) . All diagnoses were further confirmed using the Williams Syndrome Association's Diagnostic Scoresheet.
The study was approved by the Human Subjects Committees of both Stanford University and the Salk Institute. Each participant and their guardian, as appropriate, gave informed consent for their participation in the study. Some of the individuals with WS had participated in previous studies Schmitt et al. 2001 Forthcoming) .
IMAGING
High-resolution MR images of each participant's brain were acquired with a GE-Signa 1.5 T scanner (General Electric, Milwaukee, WI, USA). Sagittal T 1 -weighted images were acquired with a 3D volumetric radio frequency spoiled gradient echo (SPGR) using the following scan parameters: TR=24, TE=5, flip angle=45, NEX=2, matrix size=256 × 192, field of view=24, slice thickness=1.2 mm, 124 slices.
Images were imported into the computer program, 'BrainImage' for reliable, semi-automated removal of non-brain tissue, and then spatially normalized using a Talairach grid (Talairach and Tournoux 1988) . This grid is proportional, adjusting to the size and shape of each individual brain. A region of interest (ROI) delineating the lateral ventricles was manually circumscribed, and all included pixels were changed to white (intensity 255 in an 8-bit color table). This procedure was performed in order to prevent the ventricle-brain perimeter from being included as part of the cortical perimeter in subsequent measurements (see below). These procedures have been described elsewhere (Subramaniam et al. 1997 ). In addition, the posterior fossa was circumscribed and removed using methods based on a previously validated protocol (Aylward and Reiss 1991) .
The remaining cerebral tissue was spatially parcellated based on Talairach sectors that divide the cerebrum into its four major lobes for each hemisphere (Subramaniam et al. 1997 ). In order to localize possible gyrification anomalies, each lobe was measured separately.
Calculation of Gyrification Index
The fundamental concept of the GI has been described elsewhere (Zilles et al. 1988) . GI is defined as the ratio of the inner perimeter of the brain (following all contours into the sulcal crevices) divided by the perimeter of the outer surface:
This study used software-based image processing techniques to automate the calculation of GI into a 2.5 dimensional procedure. Briefly, the image was first classified into gray matter, white matter, and CSF using a dual thresholding algorithm that performs discrete tissue segmentation based on a histogram of image intensities (Otsu 1979) . The inner contour of the brain could then be defined as the perimeter that included all pixels that had been classified as brain tissue (i.e. voxels that were either gray or white matter). As it excluded all CSF and null voxels, this ROI circumscribed all sulci of the brain, in effect tracing the border between brain tissue and CSF. The perimeter of the ROI was then recorded for input into the GI equation.
To generate the ROI of the outer brain surface, a relaxed convex hull morphological operator was applied with the inner contour ROI as its argument (Lancaster et al. 1999) . The algorithm determined the smallest convex polygon that included all points of the original inner contour ROI. In effect, this operator retraced the inner contour ROI but with a virtual 'ball' of a fixed diameter (in this case six voxels, approximately 6 mm in size). Due to the finite size of the ball, the resultant ROI was redefined as the outer surface (i.e. convex hull) of the inner surface ROI (Fig. 1) and the perimeter measured. The above procedure was automatically repeated for each image slice using the following equation:
where P i =the inner perimeter for slice j, P o =the outer perimeter for slice j, t=slice thickness, and n=the number of slices in the image (Fig. 1) . The result of each component (e.g. numerator or denominator) of this equation is the surface area of the brain (or lobe), either at its inner or outer contour. Because GI is a ratio, both 't' and the units of perimeter canceled, producing the unitless GI.
DATA ANALYSIS
Data were first examined graphically before formal statistical analysis. Although visual inspection of the variables of interest (right and left frontal, temporal, parietal and occipital lobes) suggested group differences in distribution with more skewing or kurtosis in those with WS, these differences did not reach statistical significance using the Kolmogorov-Smirnov normality test. Therefore, a repeated measures ANOVA was used as an initial statistical procedure. Post hoc non-parametric statistics were then employed on an exploratory basis to investigate potential brain-region specific differences in GI. Specifically, Mann-Whitney U tests were used with a twotailed p value of 0.05 set as the significance threshold. Finally, regression analyses were used to determine the effect of age and sex on gyrification for both groups.
Results
Repeated measures ANOVA showed a significant effect for the diagnostic group with those with WS showing increased GI
Figure 1: Example of GI algorithm from image oriented in coronal plane. Inner GI contour is denoted in white, while outer is shown in gray on a slice through frontal lobe. White boxes, numbers,and letters denote Talairach atlas defined sectors encompassing right frontal lobe.
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length of inner contour GI = length of outer contour compared with control participants (F=5.23; p<0.03) . Group by repeated measure (i.e. region) interaction was not significant (F=1.23; p<0.3). However, post hoc exploratory analyses (Table I) indicated that those with WS had significantly increased gyrification in the right parietal (p=0.0227) and right occipital (p=0.0249) lobe regions relative to the control group (Fig. 2) . Gyrification also was significantly increased in the WS group for the left frontal lobe (p=0.0086). There was no significant correlation between GI and age or sex for either group.
Discussion
Results of this study support previous findings of morphological abnormalities of sulcal/gyral anatomy in WS and suggest that these abnormalities may be particularly prominent in the parietal and occipital lobes (Galaburda and Bellugi 2000) . The differences might also be related to neurocognitive features associated with WS, for example, impaired visual-spatial skills and behavioral features such as attentional dysfunction, perseveration, and unusual reactions to sound and music . Neuroanatomical studies, both postmortem examinations and imaging studies have also shown differences in this region, particularly in the right hemisphere Bellugi 2000, Reiss et al. 2000) . Differences in the left frontal lobe were somewhat unexpected but may indicate that though volumetric brain differences in WS are predominantly found in the posterior region, cerebral brain morphology may be more globally affected by the genetic deletion. Understanding these patterns of gyrification is important for determining the neurodevelopmental functions of the deleted genes in WS. Cortical folding is a complex developmental process beginning in the fifth month of pregnancy (Ono et al. 1990 , Magnotta et al. 1999 . At this stage, when neuronal migration is largely complete, the immature cortex is still relatively smooth; thus subsequent gyrification appears to be driven by localized developmental changes, such as glial proliferation and cell differentiation (Dobbing and Sands 1970) . To explain the pattern of enfolding that ensues, Richman and coworkers (1975) propose a mechanical model. In this model, gyrification is driven by stresses created by varying elasticity between the outer stratum and inner stratum of the cerebral cortex leading to differential laminar growth. Other models suggest that gyrification results from the massive expansion of cortical gray matter and the development of interconnecting circuits (Magnotta et al. 1999 ). The growth rates of different cortical regions should be relatively similar, assuming cortical thickness and cell density do not vary radically throughout the hemisphere (Van Essen and Maunsell 1980) .
The exact mechanisms of how cortical folding is disrupted in WS are presently unclear. A possible cause is localized deficiencies in neuron production, which might distort the geometry of the embryonic brain and manifest as an abnormal folding pattern in the adult (Richman 1975 , Todd 1982 . Morphometric studies of WS suggest that neuronal cell packing density is diminished with a simultaneous increase in glial numbers, possibly indicating a decrease in the total number of neurons as a result of developmental arrest (Galaburda et al. 1994, Galaburda and . In addition, Galaburda reports small microvascular gliotic infarcts in the posterior dorsal forebrain in persons with WS, with the parietal lobe particularly affected (Galaburda and Bellugi 2000) . As cortical lesions can affect gyral complexity (Rakic 1988) , the infarcts seen in WS may contribute to increases in the GI. The exact genetic cause of these neuroanatomic differences in WS is currently unknown.
Several genes deleted in the critical 7q11.28 region in WS are thought to be involved in neurodevelopment, and may contribute to differential patterns of gyrification in this condition. For example, the protein kinase resulting from the gene LIMK1 has been hypothesized to play a role in axonal growth, intracellular signaling, synapse formation, and maintenance in the CNS (Wang et al. 1998) . Syntaxin, another protein missing in WS, is thought to be involved in exocytosis of neurotransmitters from neurons (Nakayama et al. 1998) . The neurodevelopmental role of FZD9, a third gene found in the critical WS deletion, is of particular interest. FZD9 is expressed most strongly during neuronal migration and appears to be involved in brain growth along the anterior/posterior axis (Wang et al. 1997 (Wang et al. , 1999 . FZD9 is part of the Wnt gene family, which encodes for secreted signaling glycoproteins and are known to be involved in controlling early cell development, tissue differentiation, segmentation, and dorsal-ventral polarity (Cadigan and Nusse 1997) . As WS abnormalities tend to be located in dorsal regions (Galaburda and Bellugi 2000) , hemizygosity for FZD9 is a potential cause of the global neuroanatomic dysmorphology seen in WS. Although this study employs highly reliable computerbased technology to reveal new information on WS neuromorphology, it has several limitations. First, the present methodology cannot necessarily distinguish polymicrogyri from larger, deeper gyri as long as the ratio of inner to outer brain contour is identical in both cases. This is somewhat problematic as it is unclear whether increases in gyrification in WS are truly due to a tendency toward polymicrogyri, or simply to differential cortical atrophy. Our laboratories are presently investigating improved methods to distinguish between these two cases. Additionally, although this study describes increased GI, it provides no explanation about the origins of this effect. Further research is needed to correlate alterations in brain morphology with variations in cognitive ability and genotype. These investigations are currently underway.
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